We have developed a method for the rapid and unambiguous identification of sequences of hit compounds from one-bead-one-compound combinatorial libraries of peptide and peptoid ligands. The approach uses a cleavable linker that is hydrophilic to help reduce nonspecific binding to biological samples and allows for the attachment of a halogen tag, which greatly facilitates post-screening sequencing by tandem mass spectrometry (MS/MS). The linker is based on a tartaric acid unit, which, upon cleavage from resin, generates a C-terminal aldehyde. This aldehyde can then be derivatized with a bromine-containing amino-oxy compound that serves as an isotope tag for subsequent MS/MS analysis of y-ion fragments. We have applied this linker and method to the syntheses of a number of peptoids that vary in sequence and length and have also demonstrated single-bead sequencing of a peptoid pentamer. The linker is also shown to have very low levels of nonspecific binding to proteins.
Introduction
Chemical libraries produced by combinatorial synthesis have become powerful tools in the search for high-affinity protein ligands, drug candidates, and new materials. Combinatorial chemistry allows for the rapid synthesis of a large collection of diverse molecules. 1 The majority of the compound libraries that have been prepared to date have been synthesized using high-yielding general reactions and solidphase synthesis techniques. The solid phase facilitates the handling of large numbers of reactions, allowing the use of excess reagents and simple washing procedures to isolate the desired product. But in the case of one-bead-onecompound (OBOC) libraries, the solid phase can also be used as a surface to display ligands to be screened against a desired soluble target.
Lam and co-workers demonstrated that an entire beadbound library can be assayed against a wide variety of labeled biological targets to discover novel protein ligands. 2, 3 Onbead screening assays offer several advantages over solutionbased screening: (1) very large numbers of compounds can be screened as on-bead assays are very rapid (taking only a few hours to screen 10 7 -10 8 beads), (2) the color/ fluorescence intensity of the bead is generally proportional to the affinity of the ligand, thus allowing a simple qualitative assessment of the K D for the protein-ligand complex, (3) the bead library may be used multiple times for different protein targets, and (4) the beads allow rapid discovery of high-affinity multivalent ligands. 4 The on-bead screening approach has been successfully applied to the identification of ligands for a large number of biological targets. [5] [6] [7] [8] [9] [10] Limitations of the on-bead screening format include the requirement for soluble targets and nonspecific adsorption of the sample onto the solid phase, confounding the analysis of protein binding. The need for soluble targets is a drawback for drug discovery, but this does not detract from the search for novel ligands for diagnostic or proteomics applications, where the target is usually a soluble protein and the ligand is immobilized. Nonspecific adsorption issues have been managed by the use of hydrophilic beads (e.g., TentaGel) that accommodate both the synthesis and screening conditions.
Efforts in our lab and in other labs have focused on the preparation of combinatorial libraries of peptoids, N-substituted glycine oligomers that are a versatile and synthetically accessible heteropolymer that show promise in drug discovery, proteomics and diagnostics ( Figure 1 ). 11 Peptoids can be synthesized using a solid-phase submonomer synthesis protocol that is based on a two-step monomer addition cycle. This cycle is highly efficient and can generate peptoids that contain up to 48 monomer units. 12 Hundreds of monomers that span a wide variety of side-chain functionalities can be readily incorporated into peptoids. 13, 14 Peptoid oligomers are protease-resistant 15 and have also been shown to bind to a variety of cellular receptors with high affinity. [16] [17] [18] [19] On the basis of these properties, peptoids are ideally suited for the preparation of large, chemically diverse combinatorial libraries, as can be seen by the recent synthesis of a peptoid hexamer library containing more than 500 000 compounds. 7 Although the biological screening of OBOC libraries is extremely efficient, the structural determination of the library components can be time-consuming, especially for large peptide or peptoid libraries. [20] [21] [22] [23] Direct sequencing on resin by Edman degradation is often used to identify these compounds; however, only 3-4 peptoids or peptides can be sequenced each day with an automated peptide/peptoid microsequencer. 3, 5, 7, 8, 24, 25 Analysis of unnatural amino acids by Edman degradation is especially slow, since it requires the synthesis and analysis of standards for each unnatural residue. 25 Although Edman degradation has been used to identify peptoid sequences, only 24 different monomers have been characterized by this approach. 7, 26 Chemical encoding methods obviate the need for sequencing, but the coding tags can interfere with the binding of protein to the target compound, and also require extra synthetic steps to construct the coding tag. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] A common limitation of all coding systems is that they are indirect.
Mass spectrometry (MS) offers both high sensitivity and efficiency for the structural determination of combinatorial peptoid libraries. [21] [22] [23] [44] [45] [46] [47] [48] Tandem MS (MS/MS) is routinely used to determine the sequence of peptides. 49 Liskamp and co-workers have analyzed peptoids by tandem MS and have shown that, like peptides, the sequence of a peptoid can readily be determined from its MS/MS spectrum. [50] [51] [52] HPLC and tandem MS allow for the direct assessment of the purity and identity of the compounds in the peptoid library. The direct analysis of the ligand on each bead eliminates any confusion about the purity and structure of the compound.
To analyze the compound on a single bead, one must be able to cleave the library compound from the resin bead and accurately and rapidly sequence the residues by assigning the appropriate y-and b-ions in the MS/MS spectrum. In this paper, we describe a method that allows for the rapid analysis of combinatorial peptoid or peptide libraries followed by single-bead MS/MS sequencing (Scheme 1). This approach uses a hydrophilic cleavable linker to avoid the undesired nonspecific binding that is likely with a hydrophobic linker. The linker is based on a tartaric acid unit that allows for the cleavage of the compound to give a C-terminal aldehyde, which can then be derivatized with a brominecontaining amino-oxy compound that serves as an isotope tag for subsequent MS/MS analysis of y-ion (C-terminal) fragments. With this method, the structure of a hit compound can be determined rapidly and directly from the compound itself on a single bead.
Results and Discussion
Linker Design and Synthesis. To develop a method to identify the sequence of hit compounds resulting from onbead screening, it is important that the resin and linker be compatible with both the synthesis and screening conditions. The resin employed in these assays must have the following properties: (1) compatibility with both synthetic procedures and biological assays, such that the beads can be used in both library synthesis and screening with protein targets, (2) a linker that allows for the deprotection of peptide/peptoid side chains without the release of the compound from resin but also allows for eventual cleavage of the compound from resin, (3) a sufficiently high loading capacity so that the sequences of hit compounds from a screen can be determined unambiguously by rapid MS/MS-based sequencing of a single bead, and (4) a method to assign peaks from the MS/ MS spectrum rapidly and accurately.
Kodadek and co-workers have recently developed an onbead screening approach in which fluorescently labeled proteins bind to peptoids on biocompatible TentaGel resin in an aqueous solution. 7 TentaGel Macrobeads (280-320 µm diameter from Rapp Polymere) consist of a hydrophobic polystyrene core derivatized with poly(ethylene glycol) chains. 65 These beads have good swelling properties in both organic and aqueous solvents and are mechanically robust. In addition, the poly(ethylene glycol) chains provide a surface that resists nonspecific protein binding. 53 On the basis of these favorable properties, TentaGel Macrobeads were chosen for our method. 66 Standard peptide and peptoid synthesis linkers require strong acid to simultaneously deprotect the side chains and release the compound from the resin. On-bead screening assays, on the other hand, require the removal of these protecting groups without cleavage of the testing compound from the resin. Edman sequencing does not require a linker, as the sequencing is done with release of the oligomer from the resin. 3, 5, 7, 8, 24, 25 However, for MS/MS analysis, the library compound must be released into solution. Many linkers were considered, but in the interest of reducing background protein binding, we chose hydrophilic linker 7 (Figure 2 ).
Melnyk and co-workers have developed a tartaric acidbased linker that allows for the cleavage of a compound from resin using periodate oxidation. 54, 55 These cleavage conditions are orthogonal to trifluoroacetic acid (TFA) side-chain deprotection conditions and also generate a C-terminal aldehyde upon cleavage from resin. This aldehyde can then be derivatized chemoselectively with a number of reagents, including hydrazines and amino-oxy compounds. In our approach, the aldehyde produced upon cleavage is reacted with a bromine-containing amino-oxy compound, which provides a diagnostic isotopic pattern for subsequent analysis of MS/MS fragmentation y-ions.
We have modified the structure of the tartaric-acid based linker synthesized by Melnyk and co-workers to contain a short ethylene glycol spacer. This spacer moves the testing compound further away from the bead and should also resist nonspecific protein binding. The structure and synthesis of resin 7 is shown in Figure 2 . Diamine 1 was selectively monoprotected by slow addition of p-anisylchlorodiphenyl methane in methylene chloride at room temperature to yield amine 2. We originally tried a 2-nitrobenzenesulfamide protecting group for the diamine but found that this group was difficult to remove quantitatively. (2R,3R)-2,3-di-Oisopropylidenetartaric acid monomethyl ester 3 56 was coupled to TentaGel-NH 2 Macrobeads using N,N′-diisopropylcarbodiimide (DIC) and 1-hydroxybenzotriazole (HOBt) as activating agents. After coupling, methyl ester 4 was hydrolyzed with KOH in methanol, activated with PyBOP and HOBt, and then coupled to amine 2 to give resin 6. The yield of this coupling reaction was found to be nearly 100%, on the basis of a quantitative ninhydrin test. Finally, the amine protecting group was removed from resin 6 using a solution of trichloroacetic acid in acetonitrile. The loading of resin 7 was determined to be 0.15 mmol/g, as determined by quantitative ninhydrin analysis. This resin was used in subsequent peptoid oligomer syntheses.
Test Peptoid Pentamer. To evaluate the compatibility of the hydrophilic linker with solid-phase synthesis, we chose to synthesize a simple test peptoid pentamer (10) on resin 7 ( Figure 3 ). After solid-phase synthesis on resin 7, the peptoidcontaining resin 8 was subjected to acetonide cleavage, using a cleavage cocktail of 50:49:1 methylene chloride/ TFA/water (v/v/v), to generate free diol 9. The diol was then oxidatively cleaved with NaIO 4 in 5:1 water/acetic acid (v/v) for 10 min to give the free aldehyde peptoid 10. Excess periodate was quenched with dimethyl sulfide, and the peptoid pentamer was purified by HPLC and isolated in a 60% yield. It is known that aldehydes react specifically and rapidly with amino-oxy compounds to generate oximes. [57] [58] [59] We chose to derivitize the peptoid containing a C-terminal aldehyde with a bromine-containing amino-oxy compound to serve as an isotope tag. The mass spectrum of a brominecontaining compound has a distinct isotopic pattern because of the relative abundances of bromine isotopes. Therefore, the fragment peaks corresponding to the C-terminus of the peptoid pentamer (y-ions) can be easily identified by their characteristic isotope cluster, greatly simplifying the analysis of unknown compound fragments.
Isotopic labeling has been used to facilitate the identification of relevant MS signals for both combinatorial library synthesis and protein sequencing. [60] [61] [62] [63] [64] Watson and coworkers have developed a deuterium-containing solid-phase linker that they have applied to the structural analysis of a library of small molecules by electrospray (ESI)-MS. 62 Chlorine-and bromine-containing tags have also been used to encode a small molecule combinatorial library. 63, 64 MAL-DI-FTMS analysis of the coding tags allowed for the determination of the structures of the library members. In an excellent example demonstrating the power of isotopic labeling, Lehmann and co-workers digested cytokeratin 8 in 18 O-enriched water (containing both H 2 16 O and H 2 18 O).
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These conditions generated protein fragments containing both 16 O and 18 O at their C-termini, which could be further fragmented by ESI-MS/MS. The C-terminal fragment ions (y-ions) were readily discriminated from the N-terminal fragment ions (b-ions) on the basis of their unique isotopic doublet pattern, resulting from the incorporation of 18 O only at the C-terminus.
For our isotopic mass tag, we chose a simple structure, 13, a bromine-containing amino-oxy compound. This compound was generated from Boc(aminooxy) acetic acid and 3-bromobenzylamine. Peptoid aldehyde 10 was then incubated with isotope tag 13 at 37°C (Figure 3 ). On the basis of HPLC and MS analysis, the reaction quantitatively produced peptoid oxime 11. The peptoid pentamer oxime 11 was then analyzed by MALDI q-TOF MS and MS/MS. As can be seen in Figure 4a , the MS/MS spectrum of oxime 11 is easy to interpret: the peptoid fragments along the amide bonds and the y-ions can be identified unambiguously based on the bromine isotope pattern. There are very few extraneous fragments to complicate the spectral analysis (the three other major peaks below m/z ) 560 correspond to b-ions). Table 1 lists the expected and observed masses of the y-ions for compound 11. We also synthesized the same peptoid pentamer on Rink Amide resin, which produces a C-terminal amide (14) upon cleavage from resin. The MS/MS spectrum of the peptoid with a C-terminal amide 14 ( Figure 4b ) is complicated by more fragment ions, and it cannot immediately be discerned if a fragment peak is a y-ion or a b-ion. The situation is expected to worsen with increasing oligomer length. A comparison of the MS/MS spectrum of amide 14 with oxime 11 revealed that the oxime compound fragments more cleanly and allows for the immediate identification of y-ion peaks, leading to the rapid and accurate determination of the peptoid's sequence.
Peptoid Pentamers: Increased Side Chain Complexity. Given the successful synthesis and analysis of a simple pentamer sequence, we next turned to more complex sequences. We chose to include a diverse set of monomers containing hydrophobic, acidic, basic, and cyclic side chains (Figure 5a ). Many of these monomers require side-chain protection, but all of the protecting groups used can be removed with TFA during acetonide deprotection of the tartrate moiety on the linker. After they were periodate cleaved and coupled with amino-oxy compound 13, crude peptoid pentamers 15-20 were analyzed by MALDI q-TOF MS and MS/MS. Table 2 lists the calculated and observed y-ions for these peptoid oximes. The MS/MS spectrum for peptoid oxime 15 is shown in Figure 5b . As seen before with peptoid pentamer oxime 11, the MS/MS spectrum of oxime 15 is easy to interpret: the peptoid fragments along the amide bonds and the y-ions can be easily identified. All of the peptoid pentamers synthesized were cleaved from the resin and cleanly converted to the oxime, except for the thioether-containing peptoid pentamer 20 (Table S1 ). The thioether moiety was quantitatively oxidized during cleavage to the sulfoxide moiety. However, this reaction would occur after the on-bead protein-binding assay and can be readily accounted for during sequencing analysis by the addition of the mass of oxygen. Peptoid 10-mers. We next applied our approach to the synthesis of longer peptoid oximes with diverse side chains.
Oxime-containing peptoid 10-mers (compounds 21-23) are shown in Figure 5a . After they were periodate cleaved and coupled with amino-oxy compound 13, the crude peptoid 10-mers were again analyzed by MALDI-qTOF MS and MS/ MS. Table 3 lists the calculated and observed y-ions for peptoid oximes 21-23. As seen with the pentamer peptoid oximes, the MS/MS spectrum of oxime 23 is straightforward to interpret: the y-ions can be easily identified ( Figure 6 ). The crude peptoid 10-mers were not as pure as the crude peptoid 5-mers (Table S2 ), yet the MS/MS spectra of the crude 10-mers were still easy to interpret. Therefore, this method is readily applicable even to longer crude peptoids.
Single Bead MS/MS Analysis. To use this method to determine the sequence of hit compounds from OBOC combinatorial libraries, the quantity of oxime peptoid obtained after cleavage from a single bead must be sufficiently high to allow for MS/MS. Therefore, the loading of the compound on resin and the subsequent cleavage and ligation efficiencies must be high. To evaluate this approach for single bead MS/MS analysis, a single bead loaded with the test peptoid pentamer, 10, was picked and subjected to periodate cleavage and reaction with the amino-oxy isotope tag 13. The cleavage and oxime-forming reactions yielded pure product despite the small quantity of material ( Figure  7 ). The amount of peptoid pentamer oxime isolated was about 1.3 nmol, which corresponds to a yield of 58% based upon resin loading. A single bead provided more than enough material for both MS/MS and HPLC analysis, if necessary. On the basis of these results, we conclude that this linker and sequencing method can be applied to the rapid screening of OBOC combinatorial peptide or peptoid libraries.
Nonspecific Protein Binding. In an on-bead screening assay, it is important to minimize the amount of nonspecific protein absorption to both the beads and linker. In designing our approach, we chose to use TentaGel Macrobeads and synthesized a linker that is devoid of hydrophobic groups to reduce background protein binding. To evaluate nonspecific protein binding, we incubated acetylated resin 7, as well as a variety of other acetylated resins, with a mammalian cell lysate (MV522 and NCI H82 cells), and compared the amount of protein that bound nonspecifically to these surfaces. The resins compared were as follows: (1) acetylated polystyrene Rink Amide resin, (2) acetylated TentaGel Rink Amide resin, (3) acetylated TentaGel-NH 2 resin, and (4) acetylated resin 7. Rink Amide resin allows for the cleavage of compounds from resin using TFA and is often used in combinatorial library synthesis. The Fmoc protecting groups were removed from these resins, and all of the resins were capped at their amino termini with an acetate moiety. The absence of peptoids allowed the assessment of nonspecific protein binding solely to the base resin and linker components.
The resins were swelled and incubated with lung cell lysate from MV522 and NCI H82 cells, which provides a realistic complex protein mixture. After incubation, the resins were washed, and any bound proteins were then eluted and analyzed by SDS-PAGE (Figure 8 ). Both polystyrene Rink Amide and TentaGel Rink Amide resins bound proteins nonspecifically. Rink Amide-containing resins contain a large hydrophobic moiety that may promote nonspecific protein adsorption. Surprisingly, polystyrene Rink Amide resin bound less protein nonspecifically than the TentaGel Rink Amide resin under these conditions. This may be due to the minimal swelling of polystyrene in aqueous solution, reducing the surface area of resin available for protein binding. Neither TentaGel-NH 2 resin nor resin 7 showed any nonspecific protein adsorption. On the basis of this experiment, we conclude that linker 7 is suitable for on-bead screening of proteins because it resists nonspecific protein binding, even in the presence of a complex protein mixture.
Conclusion
We have described a new method that allows for rapid tandem MS sequencing of hit compounds isolated from onbead protein screening of combinatorial oligomer libraries. This approach uses a tartaric acid-based hydrophilic linker that enables cleavage of the compound from resin to give a C-terminal aldehyde. Furthermore, the aldehyde can be derivatized with a bromine-containing amino-oxy compound that serves as an isotope tag for subsequent MS/MS analysis of y-ion fragments. This results in a significant simplification of the spectrum, making interpretation of the sequence very straightforward. We have applied this approach to the synthesis and sequencing of a number of peptoids that vary in side chain functionality and length. The loading of the peptoids on the linker-modified TentaGel resin is sufficiently high to allow single-bead sequencing by MS/MS of a peptoid pentamer. Finally, the linker-modified resin also resists nonspecific protein binding. Although we have specifically applied this method to peptoid oligomers, the approach can be readily adapted to peptides.
This tagging method can be used to determine the structure of a hit compound from an OBOC combinatorial library directly from the compound itself, eliminating the need for coding tags or for time-consuming Edman sequencing. This method can be coupled to the synthesis of OBOC libraries and on-bead biological screening to generate a highthroughput procedure for the discovery and identification of novel peptoid and peptide ligands. Only beads that test positive for protein-binding ligands are chosen for MS sequencing. The number of positive hits is generally a small percentage of the total number of library members, therefore the method is anticipated to be highly efficient for those hits. Currently, we are using this linker and tagging method in on-bead screening assays to discover novel oligomers from combinatorial peptoid libraries.
Experimental Section
Unless otherwise noted, all reactions were performed under a nitrogen atmosphere. Solvents and reagents were obtained from commercial suppliers and used without further purification. Distilled water was used in all chemical manipulations. TentaGel-NH 2 Macrobeads (substitution 0.21 mmol/g) and TentaGel Rink Amide resin (substitution 0.18 mmol/g) were obtained from Rapp Polymere (Tübingen, Germany). Polystyrene Rink Amide resin (substitution 0.57 mmol/g) was obtained from NovaBiochem (Läufelfingen, Switzerland). Thin-layer chromatography (TLC) was carried out using silica gel plates 60 F 254 . TLC plates were visualized using ceric ammonium molybdate, ninhydrin, potassium permanganate, or absorbance of UV light. 1 H and 13 C NMR spectra were acquired on a Varian Mercury 300 MHz spectrometers. All 1 H and 13 C NMR spectra are reported in δ relative to tetramethylsilane. Signals are reported as δ (multiplicity, coupling constants, #H). Multiplicities are abbreviated as follows: s ) singlet, d ) doublet, t ) triplet, q ) quartet, m ) multiplet, br ) broad, and app ) apparent. Electrospray (ESI+) mass spectra were obtained on a Hewlett-Packard 1100 MSD series electrospray system in the positive mode with a 50 V cone voltage. Analytical HPLC was performed on a Waters 2690 system (equipped with a photodiode array detector) with a C4 reversed-phase HPLC column (Duragel G, 3 µm, 300 A, 0.2 × 5.0 cm). A linear gradient elution of 5-95% B in 10 min was used at a flow rate of 0.8 mL/min and a column temperature of 60°C (solvent A ) 0.1% TFA in water, solvent B ) 0.1% TFA in acetonitrile). MALDI q-TOF MS and MS/MS spectra were obtained on an Applied Biosystems Q-Star XL modified with a Ciphergen PCI 1000 ion source for MALDI and SELDI. Peptoids were spotted onto SEND ID Arrays (Ciphergen) with 1 µL of a 10 mg/ mL CHCA (R-cyano-4-hydroxycinnamic acid) MALDI matrix.
2-[2-(2-{[(4-Methoxy-phenyl)-diphenyl-methyl]-amino}-ethoxy)-ethoxy]-ethylamine (2).
To a stirring solution of K 2 CO 3 (13.13 g, 95.0 mmol) and 2,2′-(ethylenedioxy)-bis-(ethylamine) (69.36 mL, 475 mmol) in dichloromethane (543 mL) was added a solution of p-anisylchlorodiphenyl methane (29.34 g, 95.0 mmol) in dichloromethane (90 mL). The mixture was allowed to stir under N 2 for 3 h at room temperature and then concentrated in vacuo. The residue was dissolved in dichloromethane, washed with saturated NaH-CO 3 (2 × 200 mL), dried over Na 2 SO 4 , filtered, and concentrated. The residue then was purified by silica gel 19 g, 105 mmol) , and DIC (16.44 mL, 105 mmol) in dry DMF (525 mL) was added to the resin. This suspension was allowed to react with gentle shaking for an hour at room temperature, after which the solution was drained, and a fresh solution of 3 (21. 44 g, 105 mmol), HOBt (14.19 g, 105 mmol), and DIC (16.44 mL, 105 mmol) in dry DMF (525 mL) was added. This suspension was allowed to react with gentle shaking for 18 h at room temperature. The solution was drained, and the resin was washed with DMF (4 × 500 mL). The yield of the coupling reaction was found to be nearly 100%, based on a quantitative ninhydrin test. The charge of resin 4 was determined to be 0.15 mmol/g. Although the TentaGel-NH 2 MB resin was labeled as 0.21 mmol/g, this substitution was not confirmed by repeated ninhydrin assays. Loading was determined to be closer to 0.15 mmol/g.
Capping and Deprotection of Resin 4 (5).
Resin 4 (100 g, 0.15 mmol/g, 15 mmol) was swelled in DMF (500 mL) for 20 min. The solvent was drained, and a solution of acetic anhydride (18.9 mL, 200 mmol) and pyridine in DMF (500 mL) was added to the beads. The suspension was allowed to react with gentle shaking for half an hour at room temperature. The solution was drained, and the beads were washed with DMF (4 × 500 mL). The resin was then swelled in 2:1 MeOH/H 2 O (500 mL) for 20 min. The solution was drained, and a solution of KOH (5.89 g, 105 mmol) in 2:1 MeOH/H 2 O (525 mL) was added to the beads. This suspension was allowed to react with gentle shaking for 17 h at room temperature. The solution was drained, and the beads were washed with 2:1 MeOH/H 2 O (4 × 500 mL), MeOH (4 × 500 mL), and DMF (4 × 500 mL) to yield deprotected resin 5.
Coupling of Resin 5 to 2 (6). Resin 5 (100 g, 15 mmol) was swelled in DMF for 20 min. The solvent was drained, and a solution of 2 (33.56 g, 79.8 mmol), HOBt (10.8 g, 79.8 mmol), PyBOP (41.52 g, 79.8 mmol), and DIEA (27.8 mL, 159.6 mmol) in dry DMF (499 mL) was added to the resin. The suspension was allowed to react with gentle shaking for 2 h at room temperature. The solution was drained, and a fresh solution of 2 (33.56 g, 79.8 mmol), HOBt (10.8 g, 79.8 mmol), PyBOP (41.52 g, 79.8 mmol), and DIEA (27.8 mL, 159.6 mmol) in dry DMF (499 mL) was added to the resin. The suspension was allowed to react with gentle shaking for 20 h at room temperature. The solution was drained, and the beads were washed with DMF (4 × 500 mL) to yield resin 6. The yield of the coupling reaction was found to be nearly 100%, based on a quantitative ninhydrin test.
Deprotection of Resin 6 (7). Resin 6 (50 g, 7.5 mmol) was swelled in acetonitrile (500 mL) for 20 min. The solvent was drained and a solution of 10% trichloroacetic acid (10 g, 61.2 mmol) in acetonitrile (1.0 L) was added to the resin. This suspension was allowed to react with gentle shaking for 30 min at room temperature. The solution was drained, and a fresh solution of 10% trichloroacetic acid (10 g, 61.2 mmol) in acetonitrile (1.0 L) was added to the resin. After 30 min, the solution was refreshed again and allowed to react for an additional 30 min (1.5 h total). The solution was drained, and the resin was washed with acetonitrile (4 × 500 mL), dichloromethane (4 × 500 mL), and DMF (4 × 500 mL). The yield of the deprotection reaction was found to be nearly 100% based on quantitative ninhydrin test. The charge of resin 7 was determined to be 0.15 mmol/g. This resin was used in subsequent peptoid synthesis reactions.
N-(3-bromobenzyl)-Boc(aminooxy)acetamide (12). To a solution of Boc(aminooxy) acetic acid (503 mg, 2.6 mmol) in dry DMF (25 mL) was added 3-bromobenzylamine (493 mg, 2.6 mmol) and HOBt (81 mg, 0.5 mmol). To this stirring solution was added DIC (0.40 mL, 2.6 mmol). The solution was allowed to stir for 4 h at room temperature and then concentrated in vacuo. The residue was purified by silica gel chromatography, eluting with 7:3-6:4 hexane/ethyl acetate, to yield 599 mg (63%) of 12 as a clear oil. 1 N-(3-Bromobenzyl)-(aminooxy)acetamide (13). Compound 12 (457 mg, 1.3 mmol) was dissolved in a solution of 95:2.5:2.5 trifluoroacetic acid/triisopropylsilane/water (v/v/v) (9.0 mL) and stirred at room temperature for 1 h. The reaction was concentrated in vacuo and purified by reversed-phase HPLC on a C4 column and lyophilized to yield 206 mg (63%) of 13 as a white powder. 1 Two-Step Monomer Addition Cycle.
Step 1: Acylation. The resin-bound amine (7, 100 mg, 0.017 mmol) was swelled in 1.0 mL DMF for 2 min and then drained. A 1.2 M solution of bromoacetic acid (850 µL, 1.0 mmol) in DMF was added to this resin at 35°C, followed by the addition of DIC (185 µL, 1.1 mmol), and DMF (1.0 mL). The resin was mixed for 20 min, drained, and then washed with DMF (5 × 2.0 mL).
Step 2: Displacement. The resin-bound halogen was then displaced with the primary amine submonomer. A 1.0 M solution of the primary amine (975 µL, 1.0 mmol) in N-methylpyrrolidinone (NMP) was added to the resin-bound halogen at 35°C, and this was allowed to react for 20 min-2 h, depending on the length of the peptoid oligomer. After the displacement reaction, the resin was drained and then washed with DMF.
The monomer addition cycle was repeated until the desired oligomer length was achieved.
General Procedure for Side Chain Deprotection and Acetonide Cleavage of Peptoids on Resin 7. Resin-bound peptoid (6 mg, 1.0 µmol) was swelled in 200 µL methylene chloride for 10 min. The solution was drained, and a cleavage cocktail of 50:49:1 methylene chloride/trifluoroacetic acid (TFA)/water (v/v/v) (400 µL) was added to the resin. This suspension was shaken at room temperature for 2-3 h. The solution was drained and the beads were rinsed with 1:1 TFA/ dichloroethane (v/v) (3 mL), acetic acid (3 mL), and water (3 mL).
General Procedure for Oxidative Cleavage of Peptoids from Resin 7. After side-chain deprotection and acetonide cleavage, the resin (6 mg, 1.0 µmol) was swelled in 5:1 water/acetic acid (v/v) (200 µL) for 15 min. The solvent was drained, and a solution of NaIO 4 (0.88 mg, 4.1 µmol) in 5:1 water/acetic acid (v/v) (100 µL) was added to the beads. The suspension was shaken at room temperature in the dark for 10 min. The cleavage solution was filtered to remove the resin beads and excess NaIO 4 was quenched by the addition of dimethyl sulfide (10 µL, 136 µmol). The beads were rinsed with 5:1 water/acetic acid (v/v) (2 × 20 µL X 30 min). The rinses were added to the cleavage solution. The solution was centrifuged (4 min at 12,000 rpm), and the supernatant was removed from the solid I 2 , produced by the reaction of excess IO 4 -ions with dimethyl sulfide. The supernatant was then evaporated before reaction with amino-oxy compound 13.
Quantitation and Yield Determination. To determine the yields of the peptoids produced upon cleavage from resin, an absorbance standard line was used. Briefly, the absorbance at 214 nm of a series of known concentrations of peptoid pentamer 10 was determined. A linear plot of absorbance versus concentration was generated, and the standard line determined from this plot was then used to determine the yields of all peptoid cleavage reactions.
General Procedure for Oxime Formation from Peptoids. After it was oxidatively cleaved from the resin, the peptoid-aldehyde product (0.11 mg, 117 nmol) was dissolved in a solution of 1:1 acetonitrile/100 mM NH 4 OAc, pH 4.5 (100 µL). Amino-oxy compound 13 (0.045 mg, 174 nmol) was added to this solution. The solution was capped and shaken at 37°C for 12-20 h. The solvent was evaporated, and the resulting product was dissolved in 1:1 acetonitrile/water (v/v) (100 µL) and subjected to MS/MS sequencing analysis.
General Procedure for Acetylation of Resin. If necessary, the Fmoc protecting group was removed from resin using the following procedure.
Beads (26 mg) were swelled in 1 mL DMF for 20 min. The solvent was drained, and a solution of 20% piperidine in DMF (1 mL) was added. The beads were shaken at room temperature for 30 min. The solvent was drained, and the beads were rinsed with DMF (5 × 2 mL). Removal of Fmoc group was found to be quantitative based on a quantitative ninhydrin test.
Resin containing a free amine (26 mg) was swelled in DMF (1 mL) for 10 min. The solvent was drained and a solution of acetic anhydride (0.4 M) and pyridine (0.4 M) in DMF (1 mL) was added to the beads. This solution was shaken at room temperature for 1 h, after which the solvent was removed. The beads were rinsed with DMF (5 × 2 mL) and then dried.
Protein Binding Assay. The resin (approximately 5 mg) was swelled in DMF (100 µL) for 90 min. The DMF was removed and the resin was washed with dH 2 O (2 × 100 µL for 10 min). The resin was then incubated with a mixture of lung cell lysate from MV522 and NCI H82 cells (500 µL of a 4.4 mg/mL aqueous protein solution) for 1 h at room temperature. The protein solution was removed and the resin was washed with 1× TBS + 0.1% Triton X-100 (100 µL for 5 min) and then with 1× TBS (2 × 100 µL for 5 min). The beads were heated for 5 min at 100°C in protein loading buffer [a 1:2.5:6.5 solution of NuPAGE LDS sample buffer (4×, Invitrogen)/NuPAGE Reducing Agent (10×, Invitrogen)/1× TBS (40 µL) to remove any protein that had nonspecifically bound to the resin. These solutions were then analyzed by SDS-PAGE, and visualized using Sypro Ruby protein gel stain (Molecular Probes).
